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Elastic scattering of the weakly bound9Be on27Al was measured at near barrier energies. The optical model
data analysis with the real and imaginary parts of a global double-folding potential does not show strong
evidence of the usual threshold anomaly. The same result was obtained by using a Woods-Saxon shape optical
potential and calculating the potential strengths at the strong absorption radius. The reason for this behavior
may be explained by the presence of break-up and/or transfer channels at low energies.
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I. INTRODUCTION

The elastic scattering of heavy ions at energies near the
Coulomb barrier usually shows an anomalous behavior of
the energy dependence of the real and imaginary parts of the
optical potential, known as the threshold anomaly[1,2]. This
anomaly shows up as a localized peak in the real part and the
decreasing and vanishing of the imaginary part of the poten-
tial in the neighborhood of the Coulomb barrier. It may be
ascribed mainly to the coupling of the elastic scattering to
other reaction channels. There is a correlation between the
real and imaginary parts of the potential due to causality, and
consequently they obey the dispersion relation[3].

Therefore, at near barrier energies, when the threshold
anomaly is present, nuclear potentials that describe the elas-
tic scattering are no longer slowly energy-dependent, as at
high energies. The strong coupling between reaction chan-
nels produces an attractive polarization potentialDV, leading
to Veff=Vo+DV, whereVo is the unrenormalized folding po-
tential which could be approximated by a phenomenological
Woods-Saxon potential obtained by fitting data well above
the barrier. If the reaction channels are closed, the strength of
the imaginary potential decreases towards zero as the bom-
barding energy decreases towards the Coulomb barrier.

The situation may be different when one is dealing with
weakly bound nuclei. For systems with weakly bound pro-
jectiles interacting with heavy targets, there is a strong cou-
pling of the elastic scattering to the break-up process[2,4],
which has a larger cross section than the fusion at sub-barrier
energies[5–7]. Therefore, it is expected that the threshold
anomaly may no longer be present due to the repulsive po-
larization potential produced by the coupling to the con-
tinuum break-up states, which compensates for the attractive
polarization arising from couplings to bound states[8–10].
For these nuclei, the rapid decrease of the fusion cross sec-
tion at sub-barrier energies does not mean that the main re-
action channels are closing down at this regime.

Two main approaches are usually used in this kind of
study, both describing the elastic scattering in terms of com-

plex optical potentials. One is the use of standard Woods-
Saxon energy-dependent optical potentials, with volume
sWV=WFd and surfacesWS=WDRd imaginary parts, where the
first is responsible for the absorption of flux by the fusion
channel, and the second is responsible for the absorption due
to direct reaction channelsfWsr ,Ed=WFsr ,Ed+WDRsr ,Edg.
In order to minimize the ambiguities of this fit procedure, the
potentials are calculated at the strong absorption radius or
radius of sensitivity. The alternative approach is the use of
double-folding potentials[1], usually with M3Y [11,12] or
BDM3Y1 [13] effective interactions, suitable for describing
the elastic scattering for a wide range of systems over a
broad energy range. In this case, Woods-Saxon potentials are
also usually used for the imaginary part. However, when
weakly bound nuclei are studied[1,8,12,14–16], the corre-
sponding real part of the folding potential needs to be weak-
ened by about 60% in order to fit the data.

For the6Li projectile, which has a break-upsa+dd thresh-
old energy of 1.48 MeV and no bound excited state below
this value, the threshold anomaly is not present in the scat-
tering on208Pb [8], 138Ba [9], and28Si [10,16]. On the con-
trary, the imaginary potential may increase at energies
around the Coulomb barrier[8,9], when heavy targets are
used. For7Li, however, the anomaly seems to be present for
its scattering on the same targets[8,9,16,17]. Important dif-
ferences between these two lithium isotopes are the strong
deformation of7Li, the much higher break-upsa+ td thresh-
old energy, 2.47 MeV, and one bound excited state at
0.48 MeV. Keeleyet al. [18,19] suggested that the presence
of the anomaly is due to inelastic and transfer channels,
when reacting with208Pb, whereas Lubianet al. [20] have
shown that the anomaly disappears when only the coupling
of the 7Li excited state is considered in the scattering on
138Ba. Recently, the scattering of radioactive8Li on 208Pb
was studied[21,22], and there were no signatures for the
presence of the anomaly.8Li has a threshold break-up energy
s7Li+ nd of 2.03 MeV, intermediate between those of7Li and
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6Li, a positiveQ value for the transfer of one neutron, and
the first excited state at 0.98 MeV. The absence of an
anomaly for this system is interpreted as due to the large one
neutron/break-up channels[22] that remain open below the
Coulomb barrier.

For weakly bound9Be scattering, there are controversial
results. The anomaly was not observed for scattering on64Zn
[23,24] and209Bi [25,26], whereas for208Pb [27] the analysis
of the data shows the presence of the anomaly. In fact, for
scattering on64Zn, the imaginary potential increases at near
barrier energies, instead of the usual decrease observed in the
scattering of tightly bound nuclei, and the real potential is
roughly constant. For the209Bi target, an anomalous behavior
was observed, since the real part of the potential shows a
peak as for tightly bound nuclei, whereas the imaginary po-
tential also increases as the energy decreases towards the
barrier. Woolliscroftet al. [27] argue that the absolute value
of the renormalization factor of the folding potential is very
sensitive to the accuracy of the densities used, although the
qualitative results that they obtain do not change for the dif-
ferent 9Be densities that were tested.9Be is a strongly de-
formed Borromean nucleus with a neutron threshold energy
of 1.67 MeV and no bound excited state. After the9Be
breaks-up into8Be+n, the8Be breaks-up into twoa particles
with a half-life of the order of 10−16 s. In order to contribute
to this field, we report measurements of the elastic scattering
of 9Be on27Al at near barrier energies.

II. EXPERIMENTAL DETAILS

The experiments were performed at the 8 UD Pelletron
accelerator of the University of São Paulo and at the 20 UD
accelerator of the TANDAR Laboratory, Buenos Aires.
Beams of9Be were produced from metallic Be at São Paulo
and from BeO at Buenos Aires.

At São Paulo, the elastic scattering was measured with the
same set of nine surface barrier detectors used in previous
work on the investigation of the threshold anomaly in the
scattering of weakly[9,20,23,24] and tightly [28,29] bound
nuclei. The detectors were placed at 40 cm from the target,
with 5° angular separations between two adjacent detectors
and a resolution of the order of 350 keV. In front of each
detector there was a set of collimators and circular slits for
the definition of the solid angles and to avoid slit-scattered
particles. The angle determination was made by reading on a
goniometer with a precision of 0.5°. A monitor was placed at
20° with the beam direction for normalization purposes. The
relative solid angles of the detectors were determined by Ru-
therford backscattering of9Be on a thin197Au backing layer
present in the target. The Al target had a thickness of
60 mg/cm2. Six beam energies were used, within 12 MeV
øElabø35 MeV, and the angular range was 10°øulab
ø170°. The Coulomb barrier at the lab is around 11 MeV.
The uncertainties in the differential cross-section data vary
from 1% to 8%.

At the TANDAR Laboratory, the fusion cross section for
this system was measured at high energies[30], using an
E−DE telescope consisting of a large ionization chamber
followed by a surface barrier detector. The27Al target had a

thickness of 80mg/cm2 and a thin s10 mg/cm2d backing
layer of Au was used for normalization purposes. The angu-
lar distributions were obtained for five angles in the range
ulab=10° to 25°. The Mylar entrance window of the detec-
tor was 250mg/cm2 thick and the ionizing gas pressure was
25 Torr of P10. The resolution was good enough to separate
events differing by one unit of atomic number. In the mea-
surements for energies of 33 MeV, 40 MeV, and 47.5 MeV,
the elastic scattering data were also available, and therefore
we included the corresponding angular distributions in the
present analysis. However, these additional data, in small
angular ranges and for energies well above the barrier, do not
strongly affect the investigation of the existence of the
threshold anomaly.

III. THE SÃO PAULO POTENTIAL

In previous papers[31,32], a systematization of the real
and imaginary parts of the optical potential was described, in
the framework of an extensive systematization of nuclear
densities and with the energy dependence of the bare poten-
tial accounted for by a model based on the nonlocal nature of
the interaction[33–35]. This parameter-free potential de-
scribes very well the elastic scattering of many different sys-
tems from sub-barrier energies up to 200 MeV/nucleon.
Only the main characteristics of this interaction, called the
São Paulo potential, will be described in the following.

The bare interactionVN is connected with the folding po-
tential VF through[31,32]

VNsR,Ed < VFsRdexpS−
4v2

c2 D , s1d

wherec is the speed of light andv is the local relative ve-
locity between the two nuclei,

v2sR,Ed =
2

m
fE − VCsRd − VNsR,Edg, s2d

The folding potential is obtained by using the matter dis-
tributions of the nuclei, which take into account the finite
size of the nucleon, with a zero range approach forvsrd. For
the Coulomb interaction,VC, a double sharp cutoff Coulomb
potential was used.

In order to obtain a global parameter-free description of
the nuclear interaction, a systematization of nuclear densities
was developed[31], based on an extensive study involving
charge distributions extracted from electron scattering data
and theoretical densities calculated through the Dirac-
Hartree-Bolgoliubov model. The two-parameter Fermi(2pF)
distribution was adopted to describe the nuclear densities.
Within this systematization, the matter densities have an av-
erage diffuseness value ofa=0.56 fm, and the radius of the
distribution of a nucleus withA nucleons is well described
by [31]

R0 = 1.31A1/3 − 0.84 fm. s3d

The imaginary part of the interaction is assumed to have
the same shape as the real part, with one single adjustable
parameterNi related to its strength,
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WsR,Ed = NiVNsR,Ed. s4d

For more than 30 systems, several elastic scattering angu-
lar distributions, over wide energy ranges, were simulta-
neously well fitted withNi =0.78 [32].

IV. THE DATA ANALYSIS AND RESULTS

In order to explain the elastic scattering angular distribu-
tions, the São Paulo potential was used with no free param-
eter, with densities obtained from the systematization, the
strength of the real part[Eq. (1)] multiplied by NR=1.0, and
the strength of the imaginary part equal to the real part mul-
tiplied by the valueNi =0.78 [32]. This is the first time that
the São Paulo potential is used for the scattering of weakly
bound nuclei at energies close to the Coulomb barrier. The
results are shown in Fig. 1 with dashed lines. Then, the val-
ues ofNR andNi were considered as free parameters to fit the
data. The solid lines in Fig. 1 correspond to the best data fits.
The results of the energy dependence of the bestNR andNi
values are shown in Fig. 2. The error bars were calculated as
follows: the maximum acceptablex2 value was defined as
xmax

2 =xmin
2 +xmin

2 /N, whereN is the number of points of the
angular distribution, and the ranges ofNR andNi should cor-
respond tox2 smaller than or equal toxmax

2 . One can observe
in Fig. 2 that there are some fluctuations around the standard
valuesNR=1 andNi =0.78.

A second approach for the description of the elastic angu-
lar distributions was used, considering an optical potential in
the form

Vsrd = − V0 fsr,RV,aVd − iW0v fsr,RWV,aWVd

− 4iW0S
d

dr
fsr,RWS,aWSd + VCoulsrd, s5d

where fsr ,Ri ,aid=1/f1+expsr −Rid /aig, Ri =r isAp
1/3+At

1/3d, i
=V, WV, WS, and V0, W0V, and W0S are the real, volume
imaginary, and surface imaginary strengths andr i andai their
reduced radii and diffusenesses, respectively.fsr ,Ri ,aid is

the form factor of the Woods-Saxon potential andVCoul is the
Coulomb potential of a uniform charged sphere with radius
RC=1.1sAp

1/3+At
1/3d fm. Ap andAt are the projectile and tar-

get mass, respectively. The calculations were performed us-
ing the ECIS code[36]. In order to avoid a fit procedure with
too many free parameters, ax2-fit procedure was carried out
adjusting just three free parameters:V0, W0S, and aV=aWS,
the last within the range 0.7–0.9 fm. The following values
were fixed: WoV=15 MeV, rV=rWS=1.1 fm, rWV=0.9 fm,
aWV=0.4 fm. Very good fits were obtained but, as usual,
there are several families of optical potential parameters that
describe the angular distributions equally well. As an ex-
ample, Table I shows one set of parameters that fit the data.
In order to reduce the ambiguities, we determined the radii of
sensitivity or radii of strong absorption, corresponding to the
real and imaginary radii where the different potentials have
the same value[9,23,29,30]. The derived mean sensitivity
radii wereRV=11.3 fm andRW=8.8 fm. Figure 3 shows the
energy dependence of the potentials at these radii. The error
bars represent the range of deviation of the potential corre-
sponding to ax2 variation of 1. This approach clearly con-
firms the results obtained with the São Paulo potential.

FIG. 1. Elastic angular distributions for the9Be+27Al systems.
The lines correspond to the results obtained with the São Paulo
potential, without(dashed lines) free parameters or consideringNi

andNR as free parameters(solid-dashed lines).

FIG. 2. Energy dependence of the normalization factorsNi and
NR for the real and imaginary parts of the potentials, corresponding
to the São Paulo potential. The solid horizontal lines represent the
standard values of these parameters.

TABLE I. Set of optical model parameters that fit the experi-
mental elastic scattering angular distributions.

Elab (MeV) V0 (MeV) W0S (MeV)

12 9.62 4.35

14 10.75 3.76

18 10.48 8.95

22 7.05 8.03

25 5.89 7.81

33 5.9 2.18

35 5.9 5.5

40 4.24 6.09

47 3.75 4.05
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V. DISCUSSION

From both approaches used in the data analysis, the re-
sults do not show any strong decrease of the imaginary po-
tential when the energy decreases and approaches the Cou-
lomb barrier, as for systems with tightly bound or7Li
projectiles. On the other hand, one could argue that there is
an indication of a bell shape of the real potential and possibly
a slight decrease of the imaginary potential at the lowest
energies that could be associated with the threshold anomaly.
We believe that the most important aspect to be investigated
concerning the existence of the threshold anomaly is the be-
havior of the imaginary potential, since, for the scattering of
9Be on 209Bi [25,26], the bell shape of the real potential is
not a signature of the decrease of the imaginary part. We
cannot disregard the possibility that the imaginary potential
would decrease for energies smaller than the lowest energy
that we were able to measure. Even so, we believe that our
results show that there are important direct channels still
open at energies near the Coulomb barrier for this system,

and this is why the imaginary potential does not decrease
towards zero at these energies. The two most probable reac-
tion channels for this system are break-up and one neutron
stripping. The low threshold energy against the break-up of
9Be leads to the expectation that the cross section for this
channel is important even at sub-barrier energies, even
though it should not be as large as for heavy targets due to
the smaller Coulomb field. In fact, continuum discretized
coupled channel calculations have shown that nuclear
break-up is important at low energies[37] and experimental
data show that break-up has large cross sections at near bar-
rier energies for the medium-light6Li, 9Be+64Zn systems
[38]. The stripping of one neutron has a very large positiveQ
value, around 6 MeV, and it is also expected to occur at
energies close to the barrier.

VI. SUMMARY

The elastic scattering for the9Be+27Al system at energies
near and above the Coulomb barrier was measured. The en-
ergy dependence of the real and imaginary parts of the po-
tential was studied by two different approaches: the double-
folding São Paulo potential and the Woods-Saxon shape
optical potential. Both approaches led to the same conclusion
that there is no sharp decrease of the imaginary potential at
the lowest energies studied, close to the Coulomb barrier.
Therefore, we did not find any significant evidence of the
threshold anomaly for this system. The measurement of the
elastic scattering at even lower energies should be able to
confirm this result. The behavior of the elastic scattering for
this system, within the energy range studied, is in agreement
with the results obtained for the scattering of9Be on other
targets, and also with the results for the weakly bound6Li
and 8Li projectiles. The reason for the vanishing of the
threshold anomaly for these systems is believed to be the
strong coupling with the break-up channel, important even at
sub-barrier energies, and/or transfer channels with positiveQ
values. Due to the presence of these reaction mechanisms,
with a large cross section at energies close to and below the
Coulomb barrier, the imaginary potential does not vanish as
the energy decreases towards the Coulomb barrier.
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